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Multifragmentation model for the production of astrophysical strangelets
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Determination of baryon number (or mass) distribution of the strangelets, that may fragment out of
the warm and excited strange quark matter ejected in the merger of strange stars in compact binary
stellar systems in the Galaxy, is attempted here by using a statistical disassembly model. Finite
mass of strange quarks is taken into account in the analysis. Resulting charges of the strangelets
and the corresponding Coulomb corrections are included to get a plausible size distribution of those
strangelets as they are produced in binary stellar mergers thus getting injected in the Galaxy. From
this mass distribution of strangelets at their source, an approximate order of magnitude estimate for
their possible flux in the solar neighborhood is attempted by using a simple diffusion model for their
propagation in the Galaxy. Such theoretical estimate is important in view of the ongoing efforts to
detect galactic strangelets by recent satellite-borne experiments.
PACS numbers: 12.39.Ba, 21.65.Qr, 97.80.-d, 98.70.Sa
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cosmic rays.
I. INTRODUCTION
Strange matter hypothesis (SMH)[1] suggests that the
strange quark matter (SQM), containing almost equal
numbers of up (u-), down (d-) and strange (s-) quarks un-
der spatial and color confinement within a phase bound-
ary that separates the collection of quarks from the
non-perturbative vacuum of quantum chromodynamics
(QCD), may be the true ground state of hadronic mat-
ter. Finite size effects notwithstanding, small lumps of
SQM (or strangelets) can also be more stable than ordi-
nary nuclei [2]. A possible scenario for the formation of
strangelets in the Galaxy is the fragmentation of SQMs
ejected in tidal disruptions of strange stars (SSs) in com-
pact binary stellar systems [3]. Simulations of SS merg-
ers [4], in fact, show lumpy structures in SQM ejecta. It
is reasonable to assume that further fragmentation and
separation of those lumps, as the ejected material ap-
proaches its thermodynamic and chemical equilibrium,
will ultimately yield a set of strangelets, distributed over
a range of mass, that contributes to the primary cos-
mic rays (PCR) [3, 5]. Several other authors have also
pointed out the possibility of obtaining strangelets in cos-
mic rays [6]. As an aid to the ongoing efforts to detect
strangelets in PCR by PAMELA [7], AMS-02 [8] and
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other experiments, we here determine a plausible mass
spectrum of those strangelets at the site of SS merger by
invoking a statistical multifragmentation model (SMM)
that is often used in the analysis of fragmentation of hot
nuclear matter in various contexts [9–12]. This paper is,
in fact, a continuation of our earlier attempt [5] to find
the basic rate of injection of strangelets of different sizes
in the Galaxy. In an exploratory analysis in Ref. [5],
we had ignored quark masses for the sake of simplicity.
While this approximation is reasonable for the “current
masses” of the u- and the d- quarks, ignoring the mass
of the s- quarks is questionable. The value of the cur-
rent mass (ms) of the s- quarks had been uncertain for
a long time; ms ∼ (100− 300) MeV had often been con-
sidered in the past by several authors [13–15]. After a
number of recent high precision estimates [16, 17], there
has now been a consensus on 82 MeV . ms . 100 MeV,
the mostly accepted value being ms = 95± 5 MeV [17].
A finite ms leads to a finite electric charge of the
strangelets thus influencing their binding energy through
the destabilizing effect of the internal Coulomb repulsion
in those strangelets. According to the standard MIT bag
model [2, 18–20], a large mass of the s- quarks makes
them “less relativistic” in comparison with the lighter (u-
and d-) quarks so that the s- quarks tend to confine them-
selves to the interior of the strangelets away from the
surface (ie. the boundary) of those strangelets [19]. This
dynamical property of the massive s- quarks causes a de-
pletion of their surface density of states thus contribut-
ing a “quark mode surface tension” to the strangelets;
this is often referred to as the “dynamical surface ten-
sion” [2, 18–20] in the literature. Assuming a chemi-
2cal potential µs ∼ 300 MeV of the s-quarks, the mag-
nitude of this quark mode surface tension is calculated
to be ∼ 9 MeV fm−2 at zero temperature. This magni-
tude is well within the range σs ∼ (5 − 20) MeV fm−2
calculated recently in Refs. [21] from the linear sigma
model (coupled with constituent quarks; LSMq) [22] or
the Nambu-Jona-Lasinio (NJL) model [23], although the
origin of the surface tension is different in those models.
Without detailed investigation, one cannot simply rule
out the possibility that such quark mode surface tension
of the strangelets and their electric charge, that are as-
sociated with non-zero values of ms [2, 20], may make
those strangelets unstable (by increasing their energies
per baryon above those for ordinary nuclei) so that lit-
tle or no strangelets may be available in PCR in the
solar neighborhood. It is also possible that the frag-
mentation pattern of strangelets and its variations with
various physical parameters, that we found in Ref. [5],
would undergo quantitative or even qualitative changes
as the effects of finite ms are taken into account. An ex-
amination of these aspects in the fragmentation model
presented earlier in Ref. [5] is undertaken in this pa-
per. Fragmentation of color-flavor-locked strange matter
(CFL SQM) [24, 25] will be examined on another occa-
sion in the near future (see also Ref. [26]).
The paper is organized along the following line. In
Sec. II, we briefly review the disassembly model originally
presented in Ref. [5]. Equations governing the thermo-
dynamic equilibrium of a single strangelet are presented
in Sec. III. In Sec. IV, we apply the formalism of SMM
to find the size distribution of strangelet-fragments. An
examination of the stability of the produced fragments,
that may be available in PCR in the solar neighborhood,
is undertaken in Sec. V. Discussion of the results and
their observational implications are presented in Sec. VI.
II. THE MULTIFRAGMENTATION MODEL
In this model, it is assumed that the initial strange mat-
ter, that was tidally released in the merger of two SSs,
had rather large (but finite) a volume while the finite-size
effects due to its surface and curvature could be ignored.
This initial bulk matter (ie. the SQM) was globally
charge-neutral due to the presence of electrons inside the
SQM. It is further assumed that the density fluctuations
(or fractures), that would eventually lead to fragmenta-
tion into strangelets, might have naturally occurred in
this warm and excited bulk SQM. The initial average
temperature of this bulk matter might have been high
enough during its compression in the merger process to
allow for such fractures. After it becomes gravitationally
unbound from the merged SSs [4], the fractured SQM un-
dergoes quasistatic evolution during which it tries to min-
imize its free energy by cooling and expanding, while the
initial (local) density enhancements develop into more
or less well-defined lumps of different baryon numbers
(or sizes) still interacting among themselves. The beta-
equilibrated and globally charge-neutral lumpy (ie. frag-
menting) matter eventually occupies a freeze-out vol-
ume in thermodynamic equilibrium at a certain temper-
ature T . It is assumed that, in this volume, both the
strong interactions [5] as well as the electromagnetic in-
teractions between the well-developed, (locally) charge-
neutral lumps (ie. the strangelet-fragments in their elec-
tron environments) cease to exist. This freeze-out volume
is considered to be larger than the original volume of the
initially ejected strange matter. The equilibrium tem-
perature T at freeze-out is also considered to be lower
than the initial temperature of the tidally released SQM.
At the outset, it may appear that, to achieve thermody-
namic and chemical equilibrium, the fragmenting system
at freeze-out must be at a temperature of about a few
tens of MeV which is of the order of the binding en-
ergy (per baryon) of the bulk SQM. The fact that such a
condition (at thermodynamic equilibrium) is not strictly
necessary is perhaps exemplified by the nuclear statistical
equilibrium (NSE) established in a pre-bounce, collapsing
stellar core in the course of its evolution towards a type II
supernova. There, NSE is established at a temperature
∼ 100 keV [27] whereas the average binding energy per
nucleon of the nuclei is ∼ 8 MeV.
In the following, we adapt SMM to find the plau-
sible mass distribution of strangelets in the fragment-
ing system (at freeze-out) that is often referred to as
the “strangelet-complex” in this paper. This complex
is envisaged to be a globally charge-neutral blob of
highly inhomogeneous quark matter (accompanied by
electrons), with conserved baryon number Ab, in its
bulk limit; finite-size effects, namely, the surface and the
curvature effects of the strangelet-complex are ignored.
The blob consists of finite domains that are about to
be permanently segregated into numerous sparsely dis-
tributed, positively charged, finite-sized strangelets, each
of them being embedded in (and possibly penetrated by)
a charge-neutralizing cloud of degenerate electrons hav-
ing a volume that is much larger than the volume of the
strangelet. At freeze-out, the average distance between
the strangelets is large such that the residual strong in-
teractions between those strangelets can be considered to
be insignificant. The globally charge-neutral strangelet-
complex, comprising of the positively charged strangelets
immersed in an electron gas, obtained by considering
all the electron clouds together, is in thermodynamic
and chemical equilibrium (including beta-equilibrium) at
freeze-out. Thermodynamic equilibrium ensures that the
temperature (T ) is constant throughout the strangelet-
complex. The number density of electrons in this com-
3plex has spatial variation (nie(r)), with length scale com-
parable to (or even shorter than) the Debye screening
length λD = (
pi
8α )
1/2 1
µq
≈ 7.33µq ∼ 5 fm [28–32] inside
each individual fragment; r being the radial distance from
the centre of an (assumed spherical) strangelet-fragment
of the ith species characterized by its baryon number
Ai. Here, µq (≫ T ) is the quark number chemical po-
tential [33] of the strangelet-complex in thermodynamic
equilibrium at freeze-out and α (= e
2
~c ) is the fine struc-
ture constant, e being the magnitude of the electronic
charge, c is the speed of light and ~ = h/2pi with h be-
ing the Planck’s constant. The chemical potential µq is
equal to one third of the baryon number chemical poten-
tial [33] of the strangelet-complex; thermodynamic equi-
librium at constant baryon number demands that µq is
constant over the volume of that complex. Except for its
short-scale spatial variations as stated above, the distri-
bution of electrons (as viewed over length scales that are
orders of magnitude longer than λD) in the strangelet-
complex should otherwise be uniform, necessitated by the
conditions of global equilibrium, with constant number
density ne. As a consequence, the chemical potential of
the electrons µe ≈ (3pi2ne)1/3 is also a global constant,
satisfying µe .
m2s
4µq
, over the volume of the strangelet-
complex. Here, the upper limit for µe corresponds to the
electron chemical potential in a globally charge-neutral,
cold (T = 0) and uniform bulk quark matter at zero
pressure [30–34]. This limit is derived by assuming
µ2q ≫ m2s that is justified in the case ms ≈ 95 MeV and
µq ∼ 300 MeV. In our calculations, that aim only for or-
der of magnitude accuracies, we would consider µe ≈ m
2
s
4µq
for the sake of simplicity.
The condition of chemical equilibrium of the
strangelet-complex, that is maintained by the weak in-
teraction processes d ↔ u + e + ν¯e, s ↔ u + e + ν¯e and
s+u↔ u+d, demands that the chemical potential µf of
the quarks of the f th flavor (f = u, d, s) in the strangelet-
complex should satisfy the relations [33]:
µu = µq − 2
3
µe
µd = µq +
1
3
µe
µs = µq +
1
3
µe


(1)
thus implying that, except for its local variation (µif (r))
with length scale . λD inside each individual strangelet-
fragment, the value of the chemical potential µf of an
arbitrary quark-flavor (f) should otherwise be the same
throughout the volume of the strangelet-complex.
In Eqs. (1), we ignored the chemical potential of the
neutrinos as they are likely to contribute very little to the
energy density and pressure of the strangelet-complex in
equilibrium at freeze-out [2]. We also note that, over
length scale . λD inside a strangelet of the i
th species,
the equilibrium conditions in Eq. (1) transform into a re-
lation between the local (ie. position dependent) chemi-
cal potentials, ie.
µif (r) + qfµ
i
e(r) = µq; (2)
qf being the charge of a quark of the f
th flavor, ie. (qu,
qd, qs) = (
2
3 ,
−1
3 ,
−1
3 ) in the unit of e. Eq. (2) couples
the equilibrium distribution of quarks inside strangelets
to the charge-neutralizing electron clouds surrounding
those strangelets through non-zero values of the local
electrostatic potentials µie(r)/e [30–32] at different po-
sitions inside strangelets. This coupling gives rise to
the phenomenon of Debye screening [28–32] inside a
strangelet in thermodynamic, electrostatic and chemical
equilibrium with its electron environment. In Sec. III of
this paper, we will use the formulae, obtained by earlier
authors [28–30], that express the values of two integrated
(over the radial coordinate r) properties, namely, the to-
tal electric charge and the Coulomb energy of an indi-
vidual fragment in the strangelet-complex. The deriva-
tions of those formulae make use of the concept of Debye-
screening inside an individual fragment. It is, however,
important to note that, in this paper, our purpose is
to describe the equilibrium size-distribution of numer-
ous new-born strangelets (each embedded in an electron
cloud) located randomly within the freeze-out volume of
the strangelet-complex. The chemical potentials that we
use for this purpose are the ones (ie. µe, µf and µq)
characterizing the global equilibrium configuration of the
strangelet-complex (at freeze-out) instead of the position
dependent local chemical potentials (µif (r) and µ
i
e(r))
of the quarks and electrons pertaining to each individ-
ual fragment. The latter potentials enter in our analysis
only indirectly, ie. through the integrated properties of
each individual strangelet mentioned above. In principle,
these global and local chemical potentials should be con-
nected through appropriate boundary conditions on the
surface of each individual strangelet. Examples of these
boundary conditions were provided in Refs. [30–32] in
which rigorous calculations (in the form of the solutions
of separate Poisson’s equations inside and outside the
strangelet that match on its surface) were undertaken to
numerically determine the equilibrium (radial) distribu-
tions of charge density and other physical properties in-
side and outside an individual strangelet embedded in an
inhomogeneous electron cloud. Those calculations also
provided us with a physical insight into the phenomenon
of Debye screening. Determination of such detailed inter-
4nal structure of each individual strangelet in equilibrium
with its electron environment is, however, not attempted
in this paper.
In the above, we have considered the strangelet-
complex to be in thermodynamic equilibrium at a cer-
tain temperature (T ) at freeze-out. In real SS merger
events, there may, however, be a distribution of those
temperatures in the regions in which strangelets are
formed. In the absence of observations or the results from
the relevant numerical simulations, it is difficult to def-
initely predict a range of temperatures of those regions.
Here, we arbitrarily consider the values of T within a
range (0.001 − 1.0) MeV at freeze-out. The lower limit
(∼ 1 keV) corresponds to the possible lower bound of the
temperatures usually associated with the accretion disks
of the low mass X-ray binary systems [27]. The upper
limit (∼ 1 MeV) corresponds to the magnitude of tem-
peratures attained by the materials ejected from the tip
of the tidal arms formed sometimes in the simulations [35]
of merger between two neutron stars (NSs).
At freeze-out, the multiplicity ωi of the strangelets of
species ‘i’ is written as [11]
ωi =
V
(Li)3 e
(µi−F i)/T . (3)
Here, V is the available volume, ie. the freeze-out vol-
ume minus the volume of the produced fragments. In
Eq. (3), µi(=
∑
f µfN
i
f + µeN
i
e) is the chemical poten-
tial of a strangelet of the ith species having a volume Vi
with N i(f,e) =
(
− ∂Ω
i
(f,e)
∂µ(f,e)
)
Vi,T
being either the number
of quarks of the f th flavor (f = u, d, s) or the number of
electrons constituting that strangelet; their correspond-
ing thermodynamic potentials are Ωi(f,e). The thermal
de-Broglie wavelength of a strangelet of the ith species is
defined as Li = h/
√
2pimiT where mi is the mass of the
strangelet. For an approximate value of mi, we consider
the mass-formulae derived in Refs. [20, 36] by using a
bulk approximation to the baryon number chemical po-
tential of the strangelet-fragment at T = 0. The mass of a
strangelet with ms = 95 MeV is obtained by means of an
interpolation between the masses derived in Ref. [36] for
different values of ms. The masses of strangelets corre-
sponding to various bag values are obtained by using the
scaling law derived in Ref. [20]. Here, F i(= Ωi+µi+EiC)
stands for the Helmholtz free energy of the ith species
while Ωi is its thermodynamic potential and EiC is its
Coulomb energy. F i may be rewritten as F i = Ωitot+µ
i,
where, Ωitot = Ω
i + EiC. Thus, Eq. (3) can be reframed
as
ωi =
V
(Li)3 e
−Ωitot/T . (4)
We will use Eq. (4) to determine the multiplicities of
various fragments in the strangelet-complex after specify-
ing the thermodynamic quantities representing the over-
all behaviour of an individual strangelet in that com-
plex in equilibrium at freeze-out. We also add that,
throughout this work, we choose natural units such that
~ = c = kB = 1 and α =
1
137 , where kB is the Boltzmann
constant. Surface tension and curvature coefficient of a
strangelet-fragment (see the next section) are expressed
in the units of MeV fm−2 and MeV fm−1, respectively.
Any number density appearing in this paper is either in
the unit of (fm)−3 or in the unit of (MeV)3, to be stated
explicitly.
III. THERMODYNAMICS OF A STRANGELET
To calculate the thermodynamic potential of the
strangelet of a particular species, we shall use the mul-
tiple reflection expansion method [37] with smoothed
density of states as applied to the standard MIT bag
model [2, 20, 36]. This method is similar to the liq-
uid drop model used in the theories of nuclear struc-
ture [20]. It is known that the model can satisfactorily
fit with the average properties of the strangelets that are
obtained from the mode-filling calculations of the shell
model [15, 38]. The strength of the QCD coupling be-
tween quarks is taken to be zero here; it was argued that
the effect of such coupling may be absorbed by a rescaling
of the bag constant [2, 20]. The strangelets are assumed
to be spherical in shape for the sake of simplicity; thermo-
dynamic properties of a deformed strangelet at finite tem-
perature was discussed in Ref. [39]. Radius of a spherical
strangelet of the ith species is Ri = rio(A
i)1/3, rio being
its radius parameter. Volume, surface and curvature of
a strangelet are denoted as Vi = 43pi(R
i)3, Si = 4pi(Ri)2
and Ci = 8piRi, respectively. Thermodynamic potential
of a strangelet of the ith species is written as
Ωi =
∑
f
Ωif+Ω
i
e+Ω
i
gluon+BV
i = ΩoVV
i+ΩoSS
i+ΩoCC
i+BVi,
(5)
where, the contribution Ωigluon is obtained from Ref. [20].
In Eq. (5),
5ΩoV = −
37
90
pi2T 4 −
(µ2u + µ2d
2
)
T 2 −
(µ4u + µ4d
4pi2
)
− µ
4
s
4pi2
[(
1− 5
2
λ2s
)√
1− λ2s +
3
2
λ4s ln
(
1 +
√
1− λ2s
λs
)
+2pi2
( T
µs
)2√
1− λ2s +
7pi4
15
( T
µs
)4 (1− 32λ2s)
(1 − λ2s)3/2
]
− µ
4
e
12pi2
,
(6a)
ΩoS =
3
4pi
µ3s
[
(1− λ2s)
6
− λ
2
s
3
(1− λs)− 1
3pi
{
tan−1
(√
1− λ2s
λs
)
+ λ3s ln
(
1 +
√
1− λ2s
λs
)
− 2λs
√
1− λ2s
}
+
pi
3
( T
µs
)2{pi
2
− tan−1
(√
1− λ2s
λs
)}
+
7pi3
180
( T
µs
)4 λ3s
(1− λ2s)3/2
]
(6b)
and
ΩoC =
19
36
T 2 +
(µ2u + µ2d
8pi2
)
+
µ2s
8pi2
[
1
λs
{
pi
2
− tan−1
(√
1− λ2s
λs
)}
+
(pi2
λs
)( T
µs
)2{pi
2
− tan−1
(√1− λ2s
λs
)}
+λ2s
{
pi + ln
(
1 +
√
1− λ2s
λs
)}
− 3pi
2
λs −
(2pi2
3
)( T
µs
)2 1√
1− λ2s
− 7pi
4
60
( T
µs
)4 λ2s(1 + λ2s)
(1− λ2s)5/2
]
(6c)
with Ωo
V
, Ωo
S
and Ωo
C
being the thermodynamic poten-
tial densities associated with the volume, surface and
curvature of the strangelets. The quantity Ωo
S
is read-
ily recognizable as the quark mode surface tension while
the quantity Ωo
C
is defined as the curvature coefficient
of the strangelet. In Eqs. (6), λs =
ms
µs
and B is the
bag pressure. In case of the assumption ms → 0, we
obtain λs → 0 and µu = µd = µs = µq. In this limit
of vanishingly small quark-masses, charge-neutrality of
the strangelet-complex no longer requires the presence of
electrons in that complex so that µe → 0 as ms → 0.
Eqs. (5) and (6) reduce to the thermodynamic potential
of an isolated (ie. not embedded in an electron cloud)
strangelet in the limit of massless quarks as given in
Refs. [5, 20] in this situation. For T = 0, the ther-
modynamic potential of cold strangelets with massive s-
quarks [20] is restored from Eqs. (5) and (6) except for an
additional term involving µ4e in Eq. (6a). This term was
ignored in Ref. [20] while discussing the thermodynamics
of a small, isolated strangelet not embedded in a charge-
neutralizing background of electrons so that µe = 0 for
that strangelet. In this paper, we take the presence of
those electrons into account.
It is apparent from Eqs. (5) and (6b) that the quark
mode surface energy, proportional to (Ri)2, vanishes in
the limit ms → 0 in the traditional MIT bag model of
strangelets [2, 18]. Sophisticated models, such as the
LSMq and the NJL models (see Sec. I), of SQM, how-
ever, predict appreciable surface tension (at the vacuum-
quark matter phase boundary) even in this case of mass-
less quarks constituting the SQM [21]. This absence of
surface tension in the zero quark-mass, traditional MIT
bag model seems to be a direct consequence of its ig-
noring the effects of dynamical (or explicit) chiral sym-
metry breakdown in the QCD vacuum. According to
the Nambu-Goldstone theory of chiral symmetry, such a
breakdown would lead to a qualitative re-arrangement of
the QCD vacuum by enabling it to host strong conden-
sates of quark-antiquark pairs [40–42]. The discontinu-
ities of those condensates on the bag surface would lead
to a surface tension determined by the sum of the quark
condensates [40]. Notwithstanding this serious shortcom-
ing (ie. its failure to take the consequences of dynamical
(or explicit) breaking of QCD chiral symmetry into con-
sideration) of the traditional MIT bag model, we still em-
ploy this model in the present paper for its mathematical
6and conceptual simplicity in modelling the consequences
of selected features (in QCD), namely the short distance
(< 0.1 fm) asymptotic freedom as well as a perfect spa-
tial and color confinement of the quarks at long (> 1 fm)
distance scales by the bag pressure (B), which is assumed
(in this model) to include all the non-perturbative effects
from the QCD vacuum on the quarks inside the bag [42].
As we demonstrated earlier in Ref. [5], the above sim-
plicity of the standard MIT bag model proves to be con-
venient for a preliminary investigation of the multifrag-
mentation of SQM. The mathematically harder tasks of
describing multifragmentation in more sophisticated the-
oretical models of SQM, such as the LSMq and the NJL
models or the chirally invariant bag models (eg. [40, 43]),
will be attempted in near future.
While the traditional MIT bag model (with massless
quarks) is marked by the absence of a surface tension,
it nevertheless provides for a positive curvature coeffi-
cient (Eq. (6c)) σc = Ω
o
C = (3/8pi
2)µq
2 ∼ 17 MeV fm−1
(at zero temperature and for µq ∼ 300 MeV) [20, 44]
of the strangelets. This curvature coefficient arises from
finite-size corrections to the quark density of states that
are required to match the quark wave functions to the
bag boundary conditions [44]. In analogy with the quark
mode surface tension (in Sec. I), we may refer to this
(curvature) coefficient as the “quark mode curvature co-
efficient” of the strangelets. In spite of the important
distinction between the energies associated with them
(which scale differently with the baryon number Ai; see
Eq. (5)), the surface tension and the curvature coeffi-
cient play somewhat similar roles in the multifragmen-
tation of SQM. Both these quantities require additional
energy to produce copious smaller fragments at the ex-
pense of a few large fragments as we will find in Sec. IV.
Moreover, both the surface tension and the curvature co-
efficient tend to destabilize finite-sized fragments by in-
creasing their energies per baryon; see Sec. V. In view
of the above, we may like to investigate into the relative
magnitude of the quark mode curvature energy (in the
limit of massless quarks in the MIT bag model) of the
strangelets vis-a-vis their surface energy determined in
Refs. [21] from the LSMq and the NJL models as men-
tioned in Sec. I. For a strangelet having Ai ∼ 10, the
value of the curvature energy (per baryon) turns out to
be σcC
i/Ai ∼ 100 MeV, whereas, the value of the surface
energy (per baryon) determined in Refs. [21] lies in the
range σsS
i/Ai ∼ (30− 120) MeV. For Ai ∼ 100, the val-
ues of these energies are ∼ 20 MeV and ∼ (10−50) MeV,
respectively. Similarly, these quantities take on values
∼ 4 MeV and ∼ (6 − 25) MeV for Ai ∼ 103. In the
above, we have considered ms = 0, r
i
o ∼ 1 fm [28, 45],
T = 0 and µq ≈ 300 MeV to calculate the curvature en-
ergies of strangelets by using the MIT bag model. Above
comparisons reveal that, for an approximate range of
most of the fragment-sizes (10 . Ai . 103) obtained (in
Sec. IV) in this paper, the magnitude of curvature en-
ergy of strangelets (with massless quarks in the MIT bag
model) is more-or-less compatible at least with the lower
bound of the surface energy determined in Refs. [21]. Nu-
merical examples presented above seem to suggest that,
notwithstanding the absence of a surface energy for mass-
less quarks in the MIT bag model, it is perhaps not un-
reasonable to use this model (having a positive curvature
coefficient) for the sake of a rudimentary analysis of mul-
tifragmentation of SQM. Such an analysis, undertaken
originally in Ref. [5], may provide us with some basic
idea that would possibly be useful in the computations of
multifragmentation in the sophisticated models of SQM.
We add here that the present paper, that employs MIT
bag model with ms 6= 0, is relatively less vulnerable to
the above drawback as, along with a positive curvature
coefficient, the model also predicts a positive quark mode
surface tension whose magnitude is found (in Sec. I) to
be compatible with the ones in Refs. [21]. In our calcu-
lations, we do not get any negative curvature coefficient
as obtained in Refs. [46] in the (theorized) cases of the
quark-hadron phase boundary and the kaon condensate-
normal nuclear matter phase boundary in neutron stars.
We may however note that, according to the authors of
Ref. [47], such a negative curvature coefficient may, as
well, appear due to certain oversimplified assumptions
used in the calculations.
In Eqs. (5) and (6), we have taken account of the fact
that µe ≪ µf ; f = (u, d, s). We, therefore, considered
only the leading order contribution from the electron
chemical potential in Ωo
V
in Eq. (6a). We further assume
that, even though the electron chemical potential is non-
zero inside strangelets, the sizes of those strangelets are
too small to have electrons localized inside them, so that,
the contribution of those electrons to the thermodynamic
potentials associated with the surface and the curvature
of a strangelet (Eqs. (6b) and (6c)) need not be taken
into account. The electric charge of a strangelet is given
by that of the quark matter alone in the case of such
small strangelets [30]. Moreover, as the s- quarks are
massive, the number of those quarks is less than the num-
bers of quarks of other (viz. u- and d- ) flavors inside the
strangelet. A strangelet of the ith species possesses a pos-
itive charge number Zi in this situation [2, 28, 30]. It was
pointed out in Refs. [2, 18, 28] that the approximation of
no localized electrons inside strangelets may be justified
when Ai . 105 so that the radius of a strangelet satisfies
the condition Ri . 46 fm < aB/Z
i ∼ 253 fm < 2pi/me ∼
2.4 × 103 fm. Here, aB = 1/(αme) is the Bohr radius;
me is the mass of the electron and 2pi/me is the electron
Compton wavelength in the units considered in this pa-
per. In the above, µu ∼ µd ∼ µs ∼ µq ∼ 300 MeV [2, 28]
and Zi ≤ 214 (see Eq. (7) below). We have checked
7that the above condition for the absence of localized elec-
trons inside strangelets is satisfied by all the fragments in
the strangelet-complex that we finally obtain in Sec. IV.
The charge-neutralizing electron cloud surrounding such
a strangelet has been treated here within the framework
of the Wigner-Seitz (WS) approximation as described in
a later paragraph of this section.
In this paper, we take the effect of Debye screening [28–
32] on the charge distribution inside relatively larger
(aB/Z
i > Ri > λD) strangelets into account. Equilib-
rium of the quarks in the electrostatic field inside such
a strangelet bar its core from having a positive electric
charge density, ie. the deep interior of that strangelet is
charge neutral; see the discussion in Sec. II above. The
positive charge density inside that strangelet is confined
within a layer of thickness ∼ λD from its surface. In this
situation, the total charge and the Coulomb energy of
the strangelet are obtained by integrating over the radial
coordinate (r) measured from its centre. The expressions
of these integrated quantities are given as [28–30]:
Zi ≈ m
2
s
4αµq
Ri
[
1− tanh(R
i/λD)
(Ri/λD)
]
(7)
and
EiC ≈
m4s
32αµ2q
Ri
[
1− 3
2
tanh(Ri/λD)
(Ri/λD)
+
1
2
{
cosh(Ri/λD)
}−2]
. (8)
In reality, after the application of SMM to the initial bulk
matter, we would have rather large an array of strangelets
of various sizes. Many of those strangelets may not be
large enough to satisfy the condition of charge-screening.
Whatever may be the case, Eqs. (7) and (8) are general-
ized enough to equally account for the large (Ri > λD) as
well as the small (Ri . λD) strangelets. In the following,
we, therefore, adapt those two equations to proceed with
the calculations.
The entropy of a strangelet of the ith species is Si =
−
(
∂Ωi
∂T
)
Vi,µi
. Thus, the total energy of a strangelet may
be written as
Ei = TSi + µi +Ωitot
= TSi + µi +Ωi + EiC. (9)
For thermodynamic equilibrium, the strangelet-
fragments, in addition to being in electrostatic and chem-
ical equilibrium (including beta-equilibrium) are also in
mechanical equilibrium, ie. P iext = −
(
∂Ωitot
∂Vi
)
T,µi
; P iext
being the external pressure (as distinct from the bag
pressure) on a strangelet of the ith species. This pres-
sure is assumed to be exerted by Zi charge-neutralizing
relativistic electrons residing outside the ith fragment
but within the WS cell surrounding that particular frag-
ment. Following Ref. [48], a strangelet-fragment of the ith
species is approximated to be a pointlike (ie. Vi ≪ V icell;
V icell being the volume of the i
th WS cell) positive charge
(Zi) surrounded by the spherical WS cell containing
electrons of uniform number density (see the discussion
preceding Eq. (1) in Sec. II) Z
i
V i
cell
=
Ntotale
V
= ne ≈
m6s
192pi2µ3q
; N totale being the total number of electrons in
the strangelet-complex. We choose V icell =
Zi∑
i Z
iωiV so
that it satisfies the condition
∑
i ω
iV icell = V . The ex-
pression for the pressure of relativistic electrons on the
strangelet may then be written as [48]
P iext ≈ (3pi2)1/3
[ (ne)4/3
4
]
+
(pi2
2
)[ T 2
(3pi2)1/3
]
(ne)
2/3
−
( 3
10
)(4pi
3
)1/3
α(Zi)2/3(ne)
4/3
−
(1
6
)(324
175
)( 4
9pi
)2/3
(3pi2)1/3(Zi)4/3α2(ne)
4/3
+
( 1
8pi
)
α(3pi2)1/3(ne)
4/3 − 0.062
6
α2mene. (10)
In Eq. (10), the first two terms on the right hand side rep-
resent the pressure of a degenerate Fermi gas of noninter-
acting, relativistic electrons at temperature T . The third
term stands for the Coulomb interactions between the
pointlike strangelet and the uniformly distributed elec-
trons as well as the electron-electron interactions. The
fourth term in Eq. (10) represents the Thomas-Fermi cor-
rection that results from first order deviation of the elec-
tron distribution from uniformity. This deviation is ob-
tained by expanding the relativistic electron kinetic en-
ergy about its value given by the uniform approximation
and then assuming that the ratio of the Coulomb poten-
tial energy of the electron to the electron Fermi energy
to be of the same order as the deviation in the electron
distribution. The fifth term arises due to the interactions
between the relativistic electrons via. transverse electro-
magnetic field while the sixth term represents the influ-
ence of the electric field of ions on the above interactions
between electrons. After comparing with a more rigor-
ous treatment of the WS cell [49] containing electrons
around a finite-sized nucleus by the use of a relativis-
tic generalization of the Feynman-Metropolis-Teller algo-
rithm that also takes the penetration of electrons inside
8the nucleus into account, we found that the approxima-
tion in Ref. [48] is satisfactory in the case of strangelet
species of relatively large multiplicities for which signifi-
cant fluxes may be expected in the neighborhood of the
Sun; such multiplicities of strangelets are determined in
Sec. IV and their fluxes in the vicinity of the solar system
are estimated in Sec. VI of this paper.
Here, it is important to note that an analytical ex-
pression for the electron pressure, that is similar to the
one in Eq. (10), was obtained earlier in Ref. [32] by us-
ing a “low pressure approximation” in which the elec-
trons may be assumed to have an uniform number den-
sity inside the WS cell pertaining to a strangelet. In
Ref. [32], the said approximation was found to be justified
in the case aB/Z
i > Ricell ≫ Ri with Ricell = ( 34piV icell)1/3
being the radius of the spherical WS cell. We have
verified that the above criterion is satisfied by all the
WS cells associated with the charged fragments (in the
strangelet-complex) obtained numerically in Sec. IV by
using the relations µe ≈ m
2
s
4µq
and ne ≈ µ
3
e
3pi2 mentioned in
Sec. II. The authors of Ref. [32] determined the pressure
of the charge-neutralizing electrons on a strangelet by
considering the contributions from the degeneracy pres-
sure (at zero-temperature) of electrons along with that
from the Coulomb interactions between the strangelet
and the electrons as well as a contribution from the
finite electron-mass (me) within the framework of the
low pressure approximation described above. We have
checked that the discrepancy between the numerical val-
ues of multiplicities of strangelets, obtained (in Sec. IV)
by using Eq. (10) and then by using the expression in
Ref. [32], is not more than about .01% for the ranges of
values of temperature, bag parameter and fragment-size
considered in this paper.
With the definitions given in Eqs. (5), (6), (7), (8)
and (10), the condition for mechanical equilibrium men-
tioned above ultimately yields an expression for the total
thermodynamic potential Ωitot (defined in the discussion
preceding Eq. (4) in Sec. II) of the strangelet at thermo-
dynamic equilibrium at freeze-out. This expression is
Ωitot = (−ΩoV −B)Vi
(Ωo
S
Si + 2Ωo
C
Ci + 3EiC −∆EiC − 3P iextVi
2Ωo
S
Si +Ωo
C
Ci +∆EiC + 3P
i
extV
i
)
, (11)
where,
∆EiC ≈
m4s
32αµ2q
Ri
[
1− cosh−2
(Ri
λD
){
1 +
(Ri
λD
)
tanh
( Ri
λD
)}]
. (12)
In the following, we will use Eqs. (11) and (12) to eval-
uate the multiplicities of strangelets of the ith species as
defined in Eq. (4). For doing this, we require an addi-
tional relation
N iu = A
i + Zi, (13)
that is obtained from the definitions of the baryon num-
ber and the charge of a strangelet withN iu being the num-
ber of the u- quarks in that strangelet; see the discussion
following Eq. (3). In Eq. (13), we have assumed that no
electrons are localized inside strangelets. This equation
may be rewritten in the form of a transcendental equa-
tion, by using the definition N iu =
(
− ∂Ωiu∂µu
)
T,Vi
along
with Eq. (7) for Zi, that involves the radius parameter
rio as defined in the discussion preceding Eq. (5). This
transcendental equation is solved iteratively to obtain the
radius parameter of a particular species of strangelets
corresponding to each trial value of the quark number
chemical potential (µq) of the strangelet-complex in equi-
librium at freeze-out.
IV. MASS SPECTRA OF STRANGELETS
In this section, we explain the procedure adopted by
us to numerically determine the multiplicities of vari-
ous species of strangelet characterized by their baryon
numbers or sizes in the strangelet-complex in thermody-
namic equilibrium at freeze-out. To realize this aim, we
first examine the condition of global charge-neutrality in
the strangelet-complex. This condition is written as
∑
i
ωi
V Z
i =
∑
i
niZi = ne ≈ m
6
s
192pi2µ3q
(14)
9with ni = ω
i
V
(which is the multiplicity density of
strangelet-fragments of the ith species). In deriving
Eq. (14), we have used the approximation for the elec-
tron chemical potential in the strangelet-complex that
was adapted in the second paragraph in Sec. II. Eq. (4),
along with Eqs. (6)-(8) and (10)-(14), allow us to deter-
mine the values of ni for arbitrary positive integer values
of Ai after we self-consistently solve the above system of
equations for the quark number chemical potential (µq)
in the strangelet-complex in thermodynamic equilibrium
at freeze-out.
In the next step, we are required to determine the value
of the available volume (V) of the strangelet-complex.
This is done by using the condition for the conservation
of the initial baryon number Ab [5] of the strange matter
released in an SS merger event. This condition is written
in a form
V = Ab∑
iA
ini
. (15)
The value of the multiplicity ωi of strangelets of the ith
species may now be easily determined from the known
values of ni and V . For the baryon number of the ini-
tial bulk matter, we choose Ab = 1 × 1053; this corre-
sponds to a population averaged tidally released mass
Mejected ≈ 10−4 M⊙ [4] per binary SS merger obtained
in the simulations with a bag value that corresponds to
B1/4 ≈ 145 MeV. This value of B represents its lower
bound determined by the fact that the energy per baryon
of two-flavored quark matter must be higher than the one
in 56Fe [20, 50], ie. (E/A)u,d & 930 MeV. Considering the
limited accuracy of the MIT bag model, we may, as well,
consider B1/4 = 145 MeV as the most favourable choice
of the bag constant for which ordinary nuclei can decay
into their strange quark phases only on a timescale longer
than the age of the universe [51]. In Ref. [5], we consid-
ered this value of the bag constant to find the basic size
distribution of strangelet-fragments; the standard bag
value was taken to be B1/4 = 145 MeV as in Ref. [52]. In
the model calculations of unpaired SQM, the bag value is,
however, a bounded parameter that may be varied within
the range 145 MeV ≤ B1/4 ≤ 158 MeV with its upper
limit approximately corresponding to the limit of the ab-
solute stability (ie. Eb/Ab . 930 MeV) of bulk SQM at
zero pressure and zero temperature [4, 20, 52, 53]. We
have examined the consequence of the variation of bag
value in this paper.
It is important to note that the condition of global
charge-neutrality (Eq. (14)) was not relevant in Ref. [5]
in the case of fragmentation of the bulk SQM with van-
ishingly small quark masses. We, therefore, took the
available volume (V) as a free parameter in that paper.
There, we chose V = (2 − 9)Vb = (2 − 9)× (4pi3 r3bAb) by
following the standard practice in the computations in
nuclear fragmentation models [9–12]; Vb being the initial
volume of the ejecta with rb as its bulk radius parame-
ter. For an approximate estimate of Vb, we considered the
value of the bulk radius parameter at zero temperature
and zero pressure which is rb ≈ ( 34pinb )1/3 [20]; nb being
the baryon number density in that bulk SQM. Following
Ref. [20], we considered nb = 0.7B
3/4 (that corresponds
toms → 0 and T = 0) in Ref. [5]. In this paper with mas-
sive s- quarks, the additional condition of global charge-
neutrality (Eq. (14)) in the strangelet-complex, along
with the condition of the baryon number conservation
(Eq. (15)) in that complex, allow us to self-consistently
determine an unique numerical value of V . Here, we con-
sider the approximation nb ≈ 13
[
2µ3b
pi2 +
µ3b
pi2 (1−λ2sb)3/2
]
[20],
where λsb =
ms
µb
. The value of the quark number chem-
ical potential (µb) of the initial SQM ejecta is approx-
imated as one third of the parameterized form of its
energy (Eb) per baryon at P
i
ext = 0 and T = 0, ie.
µb =
1
3 (Eb/Ab) [20, 36], after the substitution of the
appropriate value of Ab; the procedure to determine an
approximate value of Eb has been outlined in the discus-
sion preceding Eq. (4) in Sec. II. An approximate value of
the volume (Vb) of the initial bulk matter (with ms 6= 0)
may easily be determined by following the above pre-
scription. With Ab = 1 × 1053, for example, the nu-
merical value of the available volume turns out to be
V ≈ 4× 1050 MeV−3 ≈ 8× 103Vb. We also find that the
available volume remains nearly the same for different
bag values and for different values of the temperature (at
freeze-out) lying within the corresponding ranges chosen
in this paper. This available volume is, however, found to
scale linearly with the value of the initial baryon number
Ab.
Before we present the numerical results, we would like
to add that, as in the case of nuclear disassembly mod-
els, the derived size distribution of strangelet fragments
is sensitive to channel selection (ie. the selection of their
baryon numbers). Some representative channels were se-
lected in our earlier work in Ref. [5]. In this paper, we
instead consider all available positive integer values forAi
of the fragment species to arrive at the number of frag-
ments (ie. the multiplicity) pertaining to each species.
While selecting those channels, we also take the charge
numbers of strangelets into account. For this, we round
off the real values obtained from Eq. (7) to their nearest
positive integers. The lower cutoff in the baryon num-
ber of a strangelet with ms = 95 MeV is chosen so that
the corresponding charge number becomes Zi = 1 after
rounding off.
Fig. 1(a) compares the multiplicities of strangelets in
two cases, namely ms = 0 and ms = 95 MeV, for a fixed
10
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FIG. 1: (color online) Multiplicity (lnω) distribution of
strangelets for massless (ms = 0) and massive (ms = 95 MeV)
s- quarks both for a fixed value of the bag parameter (B1/4 =
145 MeV) at a specific temperature (T = 10 keV) at freeze-
out. The u- and the d- quarks are considered to be massless
in both cases. The results are displayed for (a) the full range
of the available baryon numbers and (b) for a limited range of
baryon numbers of the strangelet-fragments. Fig. 1(b) is in-
cluded to focus on the lower cutoff (A ≈ 11 for ms = 95 MeV)
in the baryon numbers as well as the baryon number (A ≈ 4)
at which the peak of the distribution (for ms = 0) is ob-
tained. Available volume is determined to be V ≈ 8× 103Vb,
Ab = 1× 10
53.
bag value (B1/4 = 145 MeV) at a specific temperature
(T = 10 keV) at freeze-out. Fig. 1(b) displays the same
in truncated baryon number range. From these figures,
it is apparent that the effect of ms 6= 0 on the multiplic-
ity distribution is not simply equivalent to an enhanced
Boltzmann suppression as seems to have been recently
suggested in Ref. [54]. The distribution for ms = 0 starts
from Ai ≈ 1, they are charge-neutral. This distribution
has a peak at Ai ≈ 4. A similar peak at Ai ≈ 4 is seen
for calculation with ms = 95 MeV, but since its charge
is seen to be much less than one, we show the distribu-
tion from Ai ≈ 11 which corresponds to Zi ≈ 1. The
difference in the nature of the distribution for massless
and massive s- quarks arises from a complex interplay of
several factors. Apart from giving rise to a lower cutoff
at Ai ≈ 11, incorporation of finite ms also leads to the
suppression of lighter fragments and an enhanced pro-
duction of heavier fragments. This is due to the quark
mode surface tension that depends on finite mass of s-
quarks and vanishes in the limit of massless quarks ac-
cording to the standard MIT bag model [2, 18, 20]. The
surface term represents the energy required for creating
the surface whereas the curvature term represents the
energy required for bending it [55]. As a consequence of
the additional surface term, the total (surface + curva-
ture) requirement of energy for ms 6= 0 is more than the
energy required for curvature alone in the case ms = 0.
More energy is, therefore, required to produce small frag-
ments out of the bulk SQM with massive s- quarks. This
has to be supplied from the limited reserve of thermal
energy of the strangelet-complex at a fixed temperature.
In statistical multifragmentation, an increase in the to-
tal (surface + curvature) requirement of energy to form
small strangelets (at a fixed temperature) results in a
boost in the production of larger fragments at the cost
of smaller fragments in a way such that the total baryon
number is conserved. The converse leads to an enhanced
production of lighter fragments at the cost of heavier
fragments. These features of multifragmentation appear
consistently in our results both in Ref. [5] and in this
paper. Such features of the disassembly model are in-
dependent of whether we consider massless or massive
quarks as should become more apparent from the follow-
ing discussions. Our preliminary calculations presented
in Ref. [26] suggest that this nature of fragmentation is
also independent of the choice of the CFL or the unpaired
strangelets.
Figs. 2(a,b) display the size distributions of strangelet-
fragments for a fixed bag value (B1/4 = 145 MeV)
at three different temperatures, namely T = 1 keV,
T = 10 keV and T = 1 MeV, respectively. The varia-
tion of size distribution with changing temperature is in
qualitative agreement with the one obtained in Ref. [5]
in the case of massless quarks. Suppression of heavier
fragments and enhanced production of lighter fragments
with increasing temperature are noted for ms = 0 [5] and
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FIG. 2: (color online) lnω vs. A for the strangelet-fragments
with B1/4 = 145 MeV and ms = 95 MeV at three different
temperatures at freeze-out. Variations are displayed for (a)
the full range of possible baryon numbers and for (b) a limited
range of baryon numbers of the fragments. Available volume
is determined to be V ≈ 8× 103Vb, Ab = 1× 10
53.
also for ms 6= 0. The distributions are separately plotted
in Fig. 2(b) for a limited range of baryon numbers for
the sake of clarity. The progressive shift of the distri-
bution to lower masses with increasing temperature may
be noted. Such results are commonplace in the case of
nuclear fragmentation [10–12].
It is known that the surface free energies and the cur-
vature energies of both the baryonic (ie. nuclei) and the
quasi-baryonic (ie. SQM) fragments decrease with in-
creasing temperature [56, 57]. This, in turn, implies that
the total requirement of (surface + curvature) energy to
produce small strangelets out of the initial bulk mat-
ter is reduced at higher temperature. Such reduced re-
quirement of energy is easily met by a larger reserve of
thermal energy of the strangelet-complex at an enhanced
temperature. This, along with the condition for the con-
servation of baryon number, ensure copious production
of lighter fragments and suppressed production of heav-
ier fragments with increasing temperature. Such pattern
of decreasing fragment-sizes with increasing temperature
is in consonance with the standard results of nuclear
fragmentation models [10, 12, 27]. Recent discussion on
fragmentation in Ref. [54] finds an opposite tendency in
the variation of size distribution of CFL strangelets with
changing temperature. The authors of Ref. [54] seem
to attribute this behavior of the fragmentation derived
by them to the finite mass of s- quarks combined with
the color-superconductivity of the strangelets. It is rel-
evant here to add that an earlier exploratory work [26]
of ours found that the changes in the frequency distri-
bution of CFL strangelets, having massless quarks, with
changing temperature are in qualitative agreement with
Figs. 2(a,b).
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FIG. 3: (color online) lnω vs. A for strangelets with ms =
95 MeV at a specific temperature (T = 10 keV) but at two
different bag values as indicated in the diagram. Approx-
imate value of the quark number chemical potential (µb) of
the initial bulk matter before fragmentation, that corresponds
to each value of the bag parameter at zero external pressure
and zero temperature, is also displayed. Available volume is
determined to be V ≈ 8× 103Vb, Ab = 1× 10
53.
In Fig. 3, we examine the influence of bag values on the
fragmentation pattern of strangelets for ms = 95 MeV at
a fixed temperature (T = 10 keV) at freeze-out. With
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other parameters remaining the same, an enhanced bag
value increases the quark number chemical potential in
the strangelet-complex that, in turn, increases the surface
and curvature energies of the strangelet-fragments. This
obviously enhances the energy requirement for the for-
mation of light fragments, as a consequence of which the
production of heavier fragments at the cost of the lighter
ones is preferred. Small variation of the fragmentation
pattern with the variation of bag value in Fig. 3 may
also be interpreted in terms of an increase in the quark
number chemical potential (µb) of the initial bulk SQM
due to an increase in the value of the bag parameter B.
The resulting increase in the baryon number density of
the initial bulk matter [20] would favour larger fragments
in agreement with the standard results of the nuclear
fragmentation models [27]. In Fig. 3, the lower cutoff
(corresponding to Zi ≈ 1) in the baryon number of the
distribution changes from Ai ≈ 11 for B1/4 = 145 MeV
(that corresponds to µb ≈ 284 MeV) to Ai ≈ 14 for
B1/4 = 158 MeV (that corresponds to µb ≈ 309 MeV).
We recall that the procedure to determine an approxi-
mate value of the quark number chemical potential µb of
the initially ejected bulk matter determined at zero ex-
ternal pressure and zero temperature was pointed out in
the third paragraph of this section.
The comparison displayed in Fig. 3 is a convenient way
of demonstrating the effect of B on the fragmentation
pattern in which the baryon number (Ab) of the initial
bulk matter is taken to be the same for both the bag val-
ues. Preliminary simulations [4] of SS merger, however,
find no mass ejection in the case B1/4 ≈ 158 MeV due
to the resulting compactness of the merging SSs. These
simulations seem to indicate that, for B1/4 ∼ 158 MeV,
the merger product collapses into a black hole (BH)
faster than the time required for the formation of its
tidal arms. Although the actual simulations in Ref. [4]
were done only at two nearly extreme bag values in the
range 145 MeV . B1/4 . 158 MeV, the authors of
that work expect that the population averaged ejecta
mass (Mejected) for any intermediate bag value within
the above interval would lie somewhere in the range
10−4M⊙ > Mejected & 0 with lesser amount of ejected
mass corresponding to a larger bag value. We have
checked that the shape of the fragmentation pattern cor-
responding to a particular bag value remains almost in-
variant for any reduced value of the mass of the initially
released bulk matter except that all the multiplicities
are now reduced by an appropriate factor from the ones
obtained for Mejected = 10
−4M⊙ (ie. Ab = 1 × 1053).
Such scaling makes it convenient to estimate the possible
fluxes of strangelets in PCR that correspond to various
mass distributions of strangelets injected in the Galaxy
for different bag values.
V. STABILITY OF THE PRODUCED
FRAGMENTS
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FIG. 4: (color online) Variation of the energy per baryon
(E/A) against changing baryon number (A) of the strangelet-
fragments (with ms = 95 MeV) for three different values of
the bag parameter at a specific temperature (T = 1 MeV) at
freeze-out. Corresponding value of the quark number chem-
ical potential (µb) of the initial bulk matter at zero pressure
(Pext = 0) and zero temperature is displayed against each
bag value for the sake of comparison. The solid (red) hor-
izontal lines mark the energies per baryon of 56Fe, nucleon
and Λ0-hyperon, respectively, that delineate the thresholds
for absolute stability, metastability and instability of the frag-
ments. Available volume is determined to be V ≈ 8× 103Vb,
Ab = 1× 10
53.
Having determined the size distribution of the strangelet-
fragments, that may be injected in the Galaxy by SS
merger, we investigate which ones of these fragments are
stable with respect to 56Fe nucleus; their energy per
baryon (Ei/Ai) should be less than 930 MeV. Those
strangelets represent the true ground state of hadronic
matter, the detection of which would make for an impor-
tant discovery. Apart from this novelty, those strangelets
are possibly the only ones to survive during the plausi-
ble confinement-time (∼ 107 yr [58]) of strangelets in the
Galaxy. Such strangelets are easily detectable in PCR
in the solar neighborhood. It was, however, pointed out
in Ref. [51] that all possible values of the model param-
eters, that place the energy per baryon of strangelets
in the vicinity of that of nuclear matter cannot be dis-
carded. In fact, precise values of Ei/Ai of strangelets,
ie. whether they lie marginally above the nucleon mass
or below the energy per nucleon in 56Fe, is a matter that
involves only ∼ 1% deviation in numerical calculations.
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A deviation of this magnitude may be insignificant in
view of the uncertainties in the accuracy of the results
derived from the MIT bag model [51]. Keeping this issue
in mind, we examine the values of Ei/Ai of strangelet
fragments as a function of their baryon number Ai for
three different values of the bag parameter at a tempera-
ture T = 1 MeV at freeze-out; the stability of strangelets
is known to increase at lower temperatures [45]. The re-
sults of this investigation are displayed in Fig. 4. As in
Fig. 3, we indicate the value of the quark number chemi-
cal potential (µb) of bulk matter at zero pressure and zero
temperature against each bag value in this figure also.
In Fig. 4, the solid (red) horizontal lines mark the val-
ues of the energy per baryon of 56Fe (E/A = 930 MeV)
nucleus, nucleons (E/A = 939 MeV) and Λ0-hyperons
(E/A = 1116 MeV), respectively. According to Ref. [51],
the latter two lines delineate the thresholds for stabil-
ity (Ei/Ai . 939 MeV), metastability (939 MeV <
Ei/Ai < 1116 MeV) and instability (Ei/Ai & 1116 MeV)
of the strangelet-fragments; see Refs. [59] for details. In
this paper, we avoid a detailed examination of the life-
times and the decay modes of metastable and unstable
strangelets. Instead, we simply look for fragment-sizes
satisfying the stability criterion in Ref. [51] for each value
of B1/4 (or µb) displayed in Fig. 4. In this figure, we find
that all the strangelets having Ai & 11 are stable rela-
tive to the 56Fe nucleus for B1/4 = 145 MeV (ie. µb ≈
284 MeV). For B1/4 = 155 MeV (ie. µb ≈ 303 MeV) and
B1/4 = 158 MeV (ie. µb ≈ 309 MeV), the strangelets
having their sizes in the respective ranges Ai & 23 and
Ai & 90 are stable relative to the nucleons.
Here, it is relevant to take note of an altogether dif-
ferent scenario of fragmentation of a (positively charged)
strangelet (embedded in a charge-neutralizing cloud of
electrons), with its radius satisfying R ≫ λD, through
the “fission instability” proposed in Refs. [30–32, 34]
within a model-independent theoretical framework. This
instability affects even the cold (T = 0) strangelets. The
onset of this instability depends crucially on the surface
tension (σs) at the boundary of the quark matter. Insta-
bility sets in whenever σs < σcrit, σcrit being a critical
surface tension whose values have been determined in
Ref. [30] in the case of the MIT bag model for a wide
range of values of ms along with different values of the
quark number chemical potential (µb) of the absolutely
stable, charge-neutral bulk SQM at zero external pres-
sure and zero temperature. For any particular value
of ms, the parameter µb represents the bag value as it
did in Figs. 3 and 4. For µb = 305 MeV, for exam-
ple, the critical surface tension takes on values in the
range 0.1 MeV fm−2 ≤ σcrit . 2.7 MeV fm−2 for the
mass of the s- quarks lying in the range 100 MeV ≤
ms ≤ 240 MeV; the upper bound corresponding to the
strangelets at the threshold of their absolute stability, ie.
µq . 310 MeV [30]. Here, we wish to point out that, as a
consequence of not taking the effects of dynamical or ex-
plicit chiral symmetry breakdown into account (ie. with-
out any source of the constituent quark-masses [42]), the
mass (ms) that enters in the traditional MIT bag model
for the unpaired, noninteracting SQM (as in Ref. [30])
can only be the current mass of the s- quarks. As we dis-
cussed in Sec. I, the value of this mass has recently been
estimated to bems . 100 MeV with reasonable accuracy.
In view of this development, the possible value of the
critical surface tension in the MIT bag model (estimated
from Fig. 3 in Ref. [30]) seems to be σcrit ∼ 0.1 MeV fm−2
for values of µb lying in the range (284− 309) MeV; see
Fig. 4 for the corresponding range of approximate bag
values. Such value of σcrit is at least an order of magni-
tude smaller than the typical values of the quark mode
surface tension (σs ∼ (5 − 10) MeV fm−2; see Sec. I) in
the MIT bag model of strangelets. Above comparison
seems to suggest that the stable strangelets, with their
sizes in the range Ri ∼ (0.4-2.2)λD that we obtain in
this paper, are also stable against the fission instability
proposed in Refs. [30–32, 34]. In the next section, our
aim would be to find an order of magnitude estimate of
the integrated (over baryon numbers) intensity of those
strangelet-fragments in the vicinity of the solar system.
VI. DISCUSSION
Apart from conventional NSs, SMH predicts the exis-
tence of a new family of compact stars, namely, the
SSs [1, 52, 60]. These SSs result from the decay of
metastable NSs into more bound configurations via dif-
ferent possible routes; see Refs. [61] and the citations
therein. Here, we confine our attention to the debris
of possible collisions between SSs that may be a ma-
jor source of strangelets in PCR [3, 4, 20, 58]. Ear-
lier [5], we attempted to estimate the intensity of those
strangelets integrated over baryon numbers in PCR in
the limit ms → 0 by employing a diffusion approxima-
tion found from Ref. [62]. In this paper, we improve upon
that estimate by incorporating the effects of finite ms as
well as a wider range of permissible B values. Assuming
a rate ∼ 10−5 yr−1 [4, 63] of SS merger in each Galaxy
and assuming the resulting strangelets to spread homo-
geneously in a galactic halo of radius ∼ 10 kpc [20] within
their galactic confinement time, an approximate intensity
of strangelets of the ith species in the solar neighborhood
was written in Ref. [5] as
I(Ai) ∼ 5× 10−48ωi particles m−2 sr−1yr−1. (16)
Here, ωi is the multiplicity of strangelets of the ith species
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as defined in Eq. (4) which was, in turn, derived from
the standard formula of SMM (Eq. (3)) in Ref. [11]; the
quantities V and Li in Eq. (3) were defined in Sec. II. Nu-
merical values of ωi have been determined in Sec. IV from
the thermodynamic properties of strangelets after satis-
fying the conditions of charge-neutrality and the baryon
number conservation in the strangelet-complex.
Approximation (16) provides only an order of magni-
tude estimate. Important issue of the acceleration of the
strangelets by the astrophysical shock waves has been left
out of consideration. In this estimate, the diffusion coef-
ficient of galactic strangelets is not determined from rig-
orous calculations. It also ignores the possible interaction
of strangelets with the interstellar medium. Moreover, it
does not take the effects of the geomagnetic field and the
solar modulation into consideration. In the particular
case B1/4 ≈ 145 MeV, simulations find a population av-
eraged tidally released mass Mejected ≈ 10−4 M⊙ per SS
merger. A summation of the estimate (16) over the val-
ues of ωi for all the stable (Ai & 11) fragments, obtained
from the results displayed in Figs. 2 and 4, yields the inte-
grated strangelet intensity in the the solar neighborhood
in this situation. The values of this intensity lie within
the range ∼ (2 − 5) × 104 particles m−2 sr−1yr−1 de-
pending on the formation temperature of the strangelets.
Increasing the value of B within the range 145 MeV <
B1/4 . 158 MeV has an appreciable effect. In that case,
we are required to reduce the average tidally released
mass per SS merger to values within the corresponding
range 10−4 M⊙ > Mejected & 0 to comply with the re-
sults of the recent simulations. However, those simula-
tions were performed only at two bag values near the
upper and the lower ends of the aforesaid interval. Pre-
cise value of tidally released mass for an intermediate
B cannot be determined from those simulations. Such
uncertainty notwithstanding, in Table 1, we display the
estimated ranges of integrated strangelet flux in the so-
lar neighborhood for different intervals of bag values. In
this table, we also display the tentative ranges of values
of the average mass (Mejected) released per SS merger for
different intervals of bag values with the caveat that the
amounts quoted in Table 1 for intermediate B values are
presented only for the sake of an illustration. The actual
amount of this mass for an intermediate bag value can
only be determined through detailed high resolution sim-
ulations of SS merger for a number of bag values lying
within the range 145 MeV < B1/4 < 158 MeV. Such
detailed simulations are yet to be performed. In Table
1, large dispersions in the estimated fluxes for different
bag values reflect on such limitation of the recent simula-
tions in scanning the parameter space. They also reflect
on the limited mass-resolution of the present simulations
and also on the theoretical uncertainty in predicting the
formation temperature of the strangelets. In the case
B1/4 ∼ 158 MeV, for example, the simulated results pre-
dict a vanishing strangelet flux in the solar neighborhood.
For an assumed tidally ejected mass Mejected ∼ 10−6M⊙
per stellar merger (that is an order of magnitude smaller
than the limit of mass-resolution of the existing simula-
tions), the approximation (16), on the other hand, yields
an integrated flux ∼ 1 particle m−2 sr−1yr−1 at a suffi-
ciently low temperature (T ∼ 1 keV) at freeze-out in this
particular case. Such flux is, in principle, measurable in
the observations with the detector systems being similar
to the one installed in AMS-02 experiment at the present
level of its sensitivity [8].
Table 1 predicts measurable fluxes of stable, ordinary
strangelets in PCR for a reasonably wide range (i.e.
145 MeV . B1/4 . 158 MeV) of bag values. The results
displayed in this table seem to disapprove of the claim in
Ref. [54] that the existence of a large number of (stable)
strangelets in cosmic rays is highly unlikely and would
certainly be negligible if color superconductivity is not
considered. Of course, nobody can deny the importance
of studying multifragmentation of CFL matter leading
to some sort of size distribution of CFL strangelets. We
also note that such a study has already been undertaken
in Ref. [54] by adapting a nuclear liquid-gas phase tran-
sition model [64]. In carrying out this calculation, the
authors of Ref. [54] have found certain ambiguity (or in-
consistency) in their results that has led them to conclude
that either most of the CFL matter does not fragment
at all or the standard techniques of SMM are inadequate
to describe the fragmentation of CFL SQM. In this con-
text, we would like to point out that our preliminary
results [26] on multifragmentation of CFL matter in the
limit of massless quarks was free from such inconsistency.
The authors of Ref. [54] have assumed the CFL
strangelets to be more abundant in PCR because of
their greater stability in comparison with the ordinary
ones. Accepting the importance of the detection of
CFL strangelets in PCR, we still have some doubt re-
garding the feasibility of a mechanism producing those
strangelets. Recent hydrodynamical simulations [54, 65]
suggest that no CFL SQM is likely to be ejected out-
side the surface of the NS during the conversion of its
interior into CFL matter. The combustion front would
stop before it reaches the stellar surface. On the other
hand, the present scenario of tidally released quark mat-
ter in SS merger cannot be extended straightway to CFL
strangelets. This is due to the recent arguments [66]
against the possibility of the observed cold compact stars
being bare CFL stars (CFLSs). To circumvent this prob-
lem, Ouyed et al. [67] have invoked a scenario of colli-
sions between hot and young CFLSs and their NS com-
panions in compact binary stellar systems of the Galaxy
that may produce CFL strangelets. These authors find
an estimate ∼ (1 − 100) × 102 particles m−2 sr−1yr−1
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TABLE I: Expected ranges of the integrated (over baryon number) intensity of stable, unpaired strangelets in the solar
neighborhood for different intervals of plausible bag values and for the corresponding ranges of the (tentatively) estimated
tidally released mass per SS merger. The estimations of ejected masses are inspired by the recent simulations [4] in which the
limit of mass-resolution was ∼ 10−5M⊙.
B1/4 (MeV) µb (MeV) Mass of strange matter
released per SS merger
(M⊙)
Estimated integrated intensity of stable
strangelets (particles m−2 sr−1 yr−1)
145 ≈ 284 ∼ 10−4 ∼ (2− 5)× 104
(146− 150) ≈ (286−294) ∼ (0.01− 1.0)× 10−4 ∼ (2− 500)× 102
(151− 158) ≈ (296−309) ∼ (0.0− 1.0)× 10−6 ∼ (0− 2)× 102
for the integrated flux of CFL strangelets in the so-
lar neighborhood. A detailed derivation of that esti-
mate is, however, unavailable in Ref. [67]. Although the
present paper is focused on the availability of unpaired
strangelets in PCR, we may still like to use approxima-
tion (16), along with the determined size distribution
of strangelets in Sec. IV, to get a rough idea regarding
the order of magnitude of the possible intensity of CFL
strangelets vis-a-vis the unpaired ones in the vicinity of
the solar system. For this purpose, we first note that,
for a “not unreasonable” value of the pairing energy gap
∆ = 100 MeV [24], the lower bound of bag values for
the stable CFL matter at zero temperature is taken as
B1/4 & 156 MeV to avoid spontaneous decay of an or-
dinary nucleus into a two-flavor color superconducting
phase [25]. Accordingly, a simple extrapolation of ap-
proximation (16) to the case B1/4 ∼ 156 MeV after the
substitution of the possible lower bound ∼ 10−7 yr−1 [67]
of the rate of CFLS-NS collisions in the Galaxy along
with an assumed tidally released CFL mass ∼ 10−6 M⊙
in each of such collisions is likely to bring down the in-
tegrated flux of CFL strangelets somewhere within the
range ∼ (10−4 − 1.0) particles m−2 sr−1yr−1. Further
improvement of such estimate would require the deter-
mination of actual size distribution of CFL strangelets
which would be the subject matter of a separate paper.
We however note that, an extrapolation of the results
of the recent simulations on SS merger seems to indi-
cate that, due to the supposedly compact nature of the
CFLSs resulting from their larger binding energy, there
is a possibility that the entire product of the CFLS-NS
merger may collapse into a Black hole before the tidal
forces have sufficient time to spew appreciable CFL mass
out of the gravitational influence of the combined system.
We could hardly expect to detect any CFL strangelet in
PCR in that case.
The ultimate vindication of SMH would depend on the
detection of either unpaired or CFL or both the types
of strangelets in PCR. In this paper, we have examined
a plausible model of the rate of injection of unpaired
strangelets in the Galaxy. A separate study of the possi-
ble mass distribution of CFL strangelets at their source as
well as an examination of the more sophisticated galactic
propagation models for both the types of strangelets are
required to arrive at a definite prediction of strangelet-
flux in PCR for AMS-02 and other potential experiments.
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